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Abstract

The rapid growth of nanomaterial applications has raised safety concerns for human health. 

A number of studies have been conducted to assess the toxicokinetics, toxicology, dose-

response, and risk assessment of different nanomaterials using in vitro and in vivo animal and 

human models. However, current studies cannot meet the demand for efficient assessment of 

toxicokinetics, dose-response relationships nor the toxicological risk arising from the rapidly 

increasing number of newly synthesized nanomaterials. In this article, we review the methods 

for conducting toxicokinetics, hazard identification, dose-response, exposure and risk assessment 

studies of nanomaterials, identify the knowledge gaps, and discuss the challenges remaining. 

We provide the rationale behind the appropriate design of nanomaterial plasma toxicokinetic 

and tissue distribution studies, including caveats on the interpretation and correlation of in vitro 
and in vivo toxicology studies. The potential of using physiologically based pharmacokinetic 

(PBPK) models to extrapolate toxicokinetic and toxicity findings from in vitro to in vivo and from 

animals to humans is discussed, and the knowledge gaps of PBPK modeling for nanomaterials 

are identified. While challenges still exist, there has been progress in the toxicokinetics, hazard 

identification, and risk assessment of nanomaterials in the past two decades. Recent advancements 

in the field are highlighted with relevant examples. We also share latest guidelines as well as 

our perspectives on future studies needed to characterize the toxicokinetics, toxicity, and dose-

response relationship in support of nanomaterial risk assessment.
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This article summarizes the methods for toxicokinetics, hazard identification, dose-response, 

exposure and risk assessment studies of nanomaterials, identifies the knowledge gaps, discusses 

the main challenges, and shares the latest guidelines and our perspectives on future studies.
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1. INTRODUCTION

In the past two decades, nanotechnology has produced a large variety of nanomaterials 

(NMs) or nanoparticles (NPs) with different physicochemical properties, with a number 

of these products being widely used in consumer and industrial applications. This rapid 

growth of NM applications raises concerns over the safety of NMs on human health. 

The development, production, and application of NMs often incorporate pharmacokinetics/

toxicokinetics (PK/TK), toxicology and risk assessment studies using in vitro and in vivo 
animal models to understand and assess their impact on human health (Graham et al., 2017). 

However, current toxicokinetic, dose-response and risk assessment studies have not kept 

pace with the rapid increase in the number of newly synthesized NMs. This requires the 

development of higher level and more generalized computational modeling approaches to 

better quantitate these effects and thereby allow extrapolation to humans where such toxicity 

studies often cannot be directly conducted.

Our group previously reviewed the PK/TK properties and PK modeling studies of different 

NPs, including carbon nanotubes, fullerenes, quantum dots, gold (AuNPs), silver (AgNPs), 

iron oxide, titanium dioxide (TiO2) and zinc oxide (ZnO) NPs (Z. Lin et al., 2015; Riviere, 

2009; Riviere et al., 2013). More recently, several new PK/TK studies have been conducted 

(Table 1) and several reviews published (Arami et al., 2015; Badrigilan et al., 2020; Cheng 

et al., 2020; Hauser & Nowack, 2019), including a few on NM risk assessment (Kuempel 

et al., 2012; Oomen et al., 2018; Ramachandran, 2016). Existing reviews often focus on 

either specific PK/TK or risk assessment studies separately, making the linkage of TK 

properties to toxicity, dose-response relationships and risk assessment difficult. To address 

this scientific gap, the present review article will focus on the TK, toxicity dose-response 
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and risk assessment of NMs. We will review relevant methodologies, identify knowledge 

gaps, discuss challenges to their application and utilization, and share our perspectives on 

future studies to advance this field.

2. TOXICOKINETICS

PK or TK describes the rate at which a certain chemical or NM enters the body through 

different exposure routes and quantitates its distribution to different tissues, metabolism 

and excretion from the body. The term PK is typically used for drugs, whereas the term 

TK is often used for environmental chemicals or toxicants. Since this article discusses 

the toxicity and risk assessment of NMs, we will use the term TK. Many in vivo studies 

have been conducted to assess the TK of different NMs (Table 1). The commonly used 

experimental animals are rodents (mice and rats); although other larger mammals including 

rabbits, monkeys, and pigs have also been employed (Hauser & Nowack, 2019; Z. Lin et al., 

2015).

A typical TK study includes two components: plasma TK and tissue biodistribution. 

The goal of a pure TK study is to characterize the plasma profile, determine common 

TK parameter values, evaluate tissue accumulation and depletion profiles, and ultimately 

identify the target tissue of NM accumulation. In brief, the study design consists of 

administering a certain dosage of NMs to a homogenous population of animals via different 

routes of exposure, such as intravenous or intraperitoneal injection, and oral administration. 

The animals are grouped based on different treatments and examination time points. Before 

and at predefined time points after dosing, plasma and/or tissue samples are collected to 

quantify the amount or concentration of the NMs. To characterize the plasma TK profile, 

there could be multiple experimental designs (Figure 1), including (1) a replicate blood 

sampling approach where each animal is sacrificed at a predefined time point and blood is 

collected at this single time point for each animal, (2) a staggered blood sampling approach 

where multiple blood samples are collected in a non-destructive manner for each subgroup 

of animals at different time points from either the same or a different anatomical sampling 

site between time points (the number of samples depends on the volume of the sample 

and the size of the animal), and (3) a serial or repeated blood sampling approach which 

non-destructively collects blood samples at all scheduled time points to derive the individual 

concentration-time profiles for all animals (Valic et al., 2020).

Depending on the blood sampling approach, using a serial or repeated blood sampling 

design allows the plasma TK profile to be characterized for each animal using either 

non-compartmental or traditional compartmental models to calculate the common TK 

parameters: the absorption rate constant (Ka), terminal elimination rate constant (Ke), 

half-life (t1/2), maximum observed concentration (Cmax), time to reach the maximum 

observed concentration (Tmax), clearance (Cl), area under the concentration curve (AUC), 

and volume of distribution (Vd). The mean and standard deviation of each of these 

parameters are then calculated for each treatment group. Use of the replicate or staggered 

sampling design results in limited data points for each animal (also called sparse data) 

and do not cover the entire TK profile. In this case, other TK computational methods, 

including simple naïve pooled data methods, complex nonlinear mixed-effect modeling, and 
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Bayesian approaches should be used to determine the central tendency and variability of 

these TK parameters. It must be stressed that a limitation of many of these approaches 

which characterizes the vast majority of NM studies published, is the small number of 

samples collected in small rodent (especially mouse) studies. This often results in bias being 

introduced when characterizing TK parameters such as t½ due to the small number and 

limited time points of the samples taken.

For tissue samples, the replicate sampling approach must be used unless biopsies are 

collected. Since each animal contributes only one data point at one time point at sacrifice, 

in order to characterize the tissue depletion profile, the mean concentration of all animals 

in a subgroup at a specific time point is calculated. This mean concentration-time profile is 

used to calculate relevant TK parameters, such a tissue half-life and terminal elimination rate 

constant. Again, the timing of sampling of the original experimental design in these limited 

studies often can bias the values obtained in the analysis.

2.1. Absorption

Unlike exposure by intravenous injection in which 100% of NMs enter the systemic 

circulation with no absorption phase, dosing by extravascular routes including oral ingestion, 

inhalation, and dermal contact, the rate and extent of absorption are different depending on 

multiple factors.

Bioavailability and absorption rate constant (Ka) are two commonly used TK parameters 

to describe the extent and rate of absorption, respectively. Bioavailability can be calculated 

as the ratio of the area-under-curve (AUC) of plasma concentrations of a NM between 

a given exposure route and intravenous injection. The absorption rate constant is usually 

used in TK studies to describe the rate of which NMs enter into the systemic system 

and can be calculated using the method of residuals. This method estimates the plasma 

drug concentration versus time plot as if absorption were instantaneous and then uses 

the difference between the actual and estimated concentrations to form a residual line 

to determine Ka (i.e., the negative slope of the residual line) (Spruill et al., 2014). The 

absorption rate constant directly impacts the maximum concentration (Cmax), which is a 

key parameter that reflects the rate of absorption. Depending on the type of NMs, absorption 

is usually low due to the biologically large size of NMs with absorption decreasing as 

the size increases (i.e., size-dependent). NMs typically include materials with at least 

one external dimension in the nanometer range (1–100 nm), but it could be larger in 

agglomeration state and could be larger than or close to cell membrane pore size limits 

depending on the type of organs (Bachler, von Goetz, et al., 2015). For example, the oral 

absorption efficiency of AuNPs ranges from 0.37% for small sizes (1.4–2.8 nm) to only 

0.01% for a larger size (200 nm) (Schleh et al., 2012). While the oral bioavailability of 

NMs is generally very low, some organic NMs can be synthesized to encapsulate drugs 

that have poor solubility and low bioavailability, thereby improving the bioavailability of 

these normally poorly absorbed drugs. An example is astaxanthin which has poor solubility 

and low bioavailability. Its oral bioavailability can be improved 38-fold after encapsulation 

with poly (ethylene glycol)-graft-chitosan NPs (Zhu et al., 2022). Even though absorption 

of NMs is typically low following extravascular routes of administration, it is important to 
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note that NMs can interact with the portal of entry (e.g., respiratory tract, gastrointestinal 

tract, and skin), resulting in local effects (i.e., portal-of-entry effects) that may not be 

seen following a systemic intravenous administration. For example, pulmonary exposure 

to bolus doses of single-wall carbon nanotube (SWCNT) via pharyngeal aspiration caused 

granulomatous lesions associated with deposition of micrometer-sized agglomerates as well 

as rapid and progressive interstitial fibrosis related to migration of smaller sizes of SWCNT 

into the alveolar area (Oberdorster et al., 2015).

2.2. Distribution

NMs can distribute to almost all organs and tissues in the body after their initial absorption 

(Shi et al., 2013). The extent of distribution to an individual organ depends on the 

permeability of the capillary blood vessel, rate and extent of regional blood flow, and the 

membrane receptor affinity and abundance. For small molecules, the extent of distribution 

is described with the term “tissue:plasma partition coefficient”, which represents the ratio of 

the concentrations of a chemical between tissue and plasma at thermodynamic equilibrium. 

However, this term is not applicable to NMs because NPs do not form solutions, but 

rather are colloidal dispersions, which are not thermodynamically stable (Praetorius et al., 

2014). Therefore, the extent of tissue distribution of NMs are usually described using the 

term “distribution coefficient”, which is the ratio of the concentrations of the NM between 

tissue and plasma at a certain time point or over a time period (Lin et al., 2008; Lin, 

Monteiro-Riviere, & Riviere, 2016; Utembe et al., 2020).

Biodistribution of NMs can be studied using either quantitative or semi-quantitative 

approaches. Intravenous dosing is the most commonly used administration route to study 

biodistribution of NMs. Following intravenous administration, a quantitative approach 

requires sacrificing groups of animals at different predetermined times, and then plasma and 

tissue samples collected to quantify the distribution profile of NMs to plasma and individual 

tissues. For example, Bailly et al. (2019) administrated 1 mg/kg of 21 nm AuNPs to three 

groups of six mice each, and then sacrificed the mice at different time points (1, 7 and 14 

days). Gold concentrations in liver, spleen, kidney, heart, lung and brain were determined 

using inductively coupled plasma mass spectrometry (ICP-MS) and expressed as ng/mg 

tissue. The accumulation pattern and depletion profiles of AuNPs in different tissues could 

be quantitatively characterized using Cmax and AUC. The strength of this approach is that 

it can precisely determine the amounts of NMs in individual organs at a certain time point 

and can be used to calculate the percent of injected dose distributed to an organ at a specific 

time. The weakness is that it requires sacrificing a number of animals. A semi-quantitative 

approach can be used to assess the biodistribution of NMs in which NM concentrations 

in the organs and/or tumors are only evaluated by the strength of the fluorescent signal 

using a near-infrared reflection (NIR) fluorescence imaging system (Vats et al., 2017). The 

strength of this approach is it can be performed over multiple time points in the same living 

animals. The limitation is that only the relative distribution to different tissues is quantified, 

and not the absolute amounts of NMs deposited to individual organs. For example, Choi et 

al. applied NIR imaging method to investigate the distribution of quantum dots in multiple 

organs and found the strongest fluorescence signals in the bladder and liver for two types of 
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NPs (Choi et al., 2009). Therefore, this approach is not suitable to calculate the percent of 

injected dose to individual organs.

2.3. Lymphatic System

The lymphatic system plays an important role in the absorption and distribution of NMs 

from interstitium into lymphatic fluid, where NMs are further distributed to lymph nodes, 

associated lymphatic tissues (e.g., spleen and bone marrow), and then return to the blood (Li 

et al., 2017; Riviere, 2009). Following oral exposure, some NMs that evade preabsorption 

clearance pathways can enter both the blood and lymphatic systems by crossing the unstirred 

water layer and the epithelium of the gastrointestinal tract, though the oral bioavailability 

of NMs is generally low (e.g., 0.01%-5% for AuNPs and 0.01%-0.05% for TiO2 NPs 

depending on the size and surface coating) (Li et al., 2010; Z. Lin et al., 2015; Yuan et al., 

2019). Following subcutaneous, intramuscular, intradermal, and intraperitoneal injections, 

because of their large sizes, NMs are mainly absorbed through the highly permeable lymph 

vessels or via macrophages and subsequent cell trafficking into regional lymph nodes (Li et 

al., 2017; Yuan et al., 2019). Following a systemic intravenous injection, the concentrations 

of AuNPs in lymph nodes were overall higher than many other organs (e.g., lung, kidney, 

heart, testis, and brain), except liver and spleen, and this finding was consistent across 

different sizes of AuNPs (4, 13, and 100 nm), indicating extensive distribution of AuNPs to 

the lymphatic system (Cho et al., 2010).

2.4. Metabolism

The metabolism of NMs refers to the process that alters the original compositions 

and/or physicochemical properties of NMs, such as degradation, dissolution, drug release, 

aggregation, and opsonization (Yuan et al., 2019). Typically, metallic NPs are relatively 

stable and rarely metabolized, such as AuNPs (Z. Lin et al., 2015). Some NPs can 

be dissolved and then release their own ions, an example being AgNPs (Liu et al., 

2012). Carbon nanotubes have been reported to undergo slow enzymatic degradation by 

oxidative enzymes (Vlasova et al., 2016). To increase their biocompatibility, metallic 

NPs can be coated with natural or synthesized polymers that can be cleaved off and 

subsequently degraded. To investigate the coating effects, the drug release efficiencies 

in different environments, such as changed pH, temperature, light, and different surface 

coatings were evaluated. For example, polydopamine was applied as the coating layer on 

doxorubicin-loaded mesoporous silica NPs to increase the sensitivity of nanodrug release 

to pH (Lei et al., 2019). When the pH became lower, the blocked drug molecules were 

released. In another example, the weakly acidic pH of the tumor extracellular matrix causes 

hydrolysis of boronic-ester bond between phenylboronic acid and dopamine, which leads to 

steady delivery and tumor-localized release of dopamine from mesoporous silicon NPs, an 

approach which significantly extends the half-life of dopamine as an angiogenesis inhibitor 

in antitumor treatment (Taleb et al., 2019).

2.5. Biocorona Formation

In terms of metabolism, a unique type of transformation which substantially affects TK of 

NMs is the formation of biomolecular coronas (mainly protein coronas), which has been 

discussed in many publications since it was proposed in 2007 (Cedervall et al., 2007). 
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Following intravenous injection, oral or inhalational exposure, different protein coronas can 

be formed immediately on the outer layer of NMs upon entering the blood circulation or 

upon contact with different biological fluids (Ortega et al., 2017; Shannahan, 2017; Walkey 

& Chan, 2012). Based on the relative affinity, protein coronas can be divided into hard 

and soft types (Garcia-Alvarez & Vallet-Regi, 2021). On the top of a hard corona, a soft 

protein corona or even protein clouds can form, which consist of low affinitive and rapidly 

exchanging highly complex layers of proteins (Figure 2) (Docter et al., 2015). Commonly 

adsorbed proteins include hemoglobin, fibrinogen, apolipoprotein, albumin, macroglobulin, 

and other proteins (Bai et al., 2021). In previous studies, multiple factors were found to 

be able to impact the composition of corona proteins, including NM type, size, shape, and 

surface charge. For example, using the magnetic separation method, the main hard corona 

proteins at the surface of positively charged superparamagnetic iron oxide NPs (SPIONs) 

include hemoglobin subunits beta-2 (16.76%), alpha-1/2 (16.50%), and beta-1 (13.04%), 

while those on negatively charged SPIONs mainly consisted of fibrinogen alpha chain 

(9%), beta chain (9%) and gamma chain (7%) (Sakulkhu et al., 2014). Unlike SPIONs, 

the most abundant corona protein was serum albumin for gold nanostars and nanorods 

(Garcia-Alvarez et al., 2018). For the gold nanostars, the total number of the identified 

adsorbed proteins were 406 and 215 for 40 nm and 70 nm, respectively, indicating a 

significant size-dependent effect (Garcia-Alvarez et al., 2018). Besides the metallic NPs, 

apolipoproteins were the most abundant proteins for liposomal NPs in the in vivo studies 

(Bai et al., 2021). Liposomal NPs could be modified with apolipoprotein E to significantly 

improve cellular uptake into the brain (Tamaru et al., 2014).

The formation of protein coronas has important impacts on the toxicokinetics of NMs, 

which in turn affects toxicity and risk assessment of NMs. On one hand, the accumulation 

of complement proteins, such as fibrinogen and opsonin, can accelerate the elimination of 

NPs upon recognition by the reticuloendothelial system (RES, also known as mononuclear 

phagocyte system [MPS]). For example, the plasma half-life of molecularly imprinted 

nanogels (i.e., the nanogel with the presence of human serum albumins) was twice 

of that of non-molecularly imprinted nanogels (Takeuchi et al., 2017). On the other 

hand, the formation of protein coronas with some other proteins, such as albumin and 

apolipoprotein, can prolong the blood circulation time of NPs. The half-life of albumin-

coating poly(lactic-co-glycolic acid) (PLGA) NPs (PLGA@BSA NPs) can be two-fold of 

that for albumin-nonselective NPs in mice because PLGA@BSA NPs actively recruited 

endogenous albumin coronas to inhibit opsonic adsorption and complement activation, and 

subsequently recognition by the RES (Li et al., 2019).

Moreover, protein coronas may change tissue accumulation and tumor delivery rate of 

NPs. In the comparison of guaninerich (G-rich) oligonucleotides and poly-thymine (poly-T) 

oligonucleotide modified spherical nucleic acids (SNAs), Chinen et al. found G-rich SNAs 

adsorbed more proteins than poly-T SNAs both in types and amounts, which resulted in 

more accumulation of NPs in the liver and spleen (Chinen et al., 2017). On the contrary, 

Schäffler et al found that blood protein-conjugated NPs can enhance the delivery rate of 

brain and lung by reducing recognition by the RES (Schäffler et al., 2014).
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Formation of protein coronas also impacts NM cellular uptake. In studies conducted 

with AgNPs in cultured keratinocytes, protein corona formation impacted extent of 

NM uptake (Monteiro-Riviere et al., 2013). Similarly, both surface coating and protein 

corona composition significantly affected tissue distribution of infused AuNPs in an 

isolated perfused tissue preparation (Riviere et al., 2018). Finally, surface coatings with 

resulting changes in biocorona protein composition modulated both cellular uptake and 

resulting cytotoxicity of AuNPs in cultured human endothelial cells, demonstrating their 

effects on both distribution and cellular toxicity (Chandran et al., 2017). Because of 

this phenomenon, some biofunctionalized complexes of protein coronas and NPs were 

synthesized for biomedical applications. PAS (proline, alanine, and serine) modified ferritin-

based nanocarriers were found to reduce the formation of protein coronas and not activate 

complement C3 in mice (Tesarova et al., 2020). As a result, the delivery of cytostatic 

alkaloid ellipticine (Elli) with this nanocarrier (PAS-10-FRTElli) markedly reduced uptake 

by macrophages and enhanced the tumor delivery than Elli alone or unmodified FRTElli 

(Tesarova et al., 2020).

2.6. Elimination

Extensive work has been reported on the clearance pathways of various NMs. Upon entering 

the systemic circulation, NMs can be cleared through kidney/urine, biliary/fecal pathways, 

as well as being sequestered by the RES (Figure 3).

In the blood, uncoated bare NPs can be rapidly cleared by the RES, which leads to a 

half-life as short as a few hours (Hoshyar et al., 2016). The elimination half-life of NMs is 

usually evaluated through a blood or plasma PK or TK experiment. For example, Choi et al. 

(2011) treated BALB/c mice with AuNPs via a single IV injection. Blood was withdrawn at 

multiple time points to measure the gold content using ICP-MS. As a result, the half-lives 

of the NPs were calculated to be from 7 to 38 hours depending on their size, with plasma 

half-life inversely correlated to particle size. Many studies have found that the plasma 

half-life of NMs also depends on other factors, including surface modifications and targeting 

strategy (Z. Lin et al., 2015).

For hepatobiliary and renal clearance pathways, the NP size plays a key role. It was 

proposed in a quantum dot study that NPs smaller than 5 nm can be efficiently excreted 

in the urine; whereas quantum dots larger than 8 nm did not exhibit renal filtration, but 

uptake into the RES (Choi et al., 2007). The potential reason may be the limited functional 

or physiological pore size in the glomerulus. It is generally accepted that the key dimension 

in glomerular filtrate is the slit diaphragm which is approximately 43 nm (Longmire et 

al., 2008). However, considering the combined effects of glomerular capillary wall layers, 

the functional or physiological pore size may be significantly smaller and is approximately 

4.5–5 nm (Longmire et al., 2008). Most studies monitor renal clearance by measuring 

NM excretion into the urine. In a study of gold nanoclusters modified with glutathione 

(GSH) and bovine serum albumin (BSA), the gold concentration and content were measured 

in mouse urine at multiple time points (Zhang et al., 2012). Since the average size of 

GSH-protected nanoclusters were 2.1 nm, they were rapidly excreted in the urine by 2 hours 

post-injection. In contrast, the BSA-protected nanoclusters with an average size of 8.2 nm 
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were not excreted by the kidney into the urine and instead accumulated predominantly in the 

liver.

If NMs cannot be cleared by the kidney, they may be processed in the liver and eliminated 

through bile into the feces. In a study of AuNPs with different sizes in female rats, 

the liver showed increased accumulation with increasing NP size (Hirn et al., 2011). To 

trace the elimination pathways of NPs in the animal body, some in vivo studies use 

fluorescence signals of dyes. Dai et al. (2014) used indocanine green (ICG), an FDA-

approved tracer for hepatobiliary clearance, to examine the elimination of AuNPs. AuNPs 

(AF750-PEG-AuNPs) labeled with ICG were administered to BALB/c mice with a strong 

fluorescence signal observed in the first 4 hours post-injection in both the liver and intestine. 

Transmission electron microscopy (TEM) found liver accumulation of AuNPs with the gold 

core remaining completely in the hepatobiliary transit pathway. The results of elemental 

analysis by ICP-MS confirmed this result as AuNPs were detected in the feces over 14 

days (Poon et al., 2019). It should be noted that the amount of NMs in the feces may 

be primarily due to hepatobiliary excretion if NMs are given through IV, but if NMs are 

given via oral administration, the amount in the feces is mainly due to unabsorbed fraction 

traveling through the gastrointestinal tract to be eliminated out via feces.

Besides these classical excretion routes, some aerosol-based NMs can be excreted through 

the lungs (Bose et al., 2014). Following intratracheal instillation, it was found that a 

significant amount (e.g., ~23% in this experiment) of AgNPs was removed from the lungs 

by mucociliary clearance, then swallowed by the animals into the gastrointestinal tract 

and then finally excreted via feces (Takenaka et al., 2001). Using radiotracer techniques, 

intratracheally instilled cerium dioxide (CeO2) NPs were also found to be cleared via 

phagocytosis by alveolar macrophages in Wistar rats and subsequent removal through the 

tracheobronchial tree towards the larynx (He et al., 2010). Similar results were reported by 

Zhu et al. (2009) for 22 nm radioactive 59Fe2O3.

2.7. Challenges in Toxicokinetics

There are some limitations and challenges in existing reported TK studies of NMs. First, 

for blood and plasma TK studies, few studies compare the vascular elimination with tissue 

distribution in a granular enough time frame to integrate the processes into a single model. 

The major limitation of many of the existing TK studies for NMs are the limited sampling 

time points, which biases their calculated TK parameters purely based on experimental 

design and not the physical properties of the NM. For plasma TK studies, occasionally 

only 3 to 4 time points are collected and the data then analyzed using compartmental 

TK models (Poon et al., 2015; Roy et al., 2017). For tissue distribution studies, in some 

cases only 1 or 2 time points were sampled (Feng et al., 2021; Xu et al., 2020; Zang 

et al., 2019). This results in a strong bias for the calculated parameters to map onto the 

experimental time points collected. Sampling a limited number of time points may result 

in a dataset where all data points fall into the same distribution or elimination phase of 

the TK curve, which may consequently confound the calculation of the half-life of NMs. 

With such small sample times, there are not sufficient statistical degrees of freedom to solve 

complex multi-parameter TK models. Second, the data from in vitro assays, while useful 
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to calculate in vitro parameters such as cellular uptake rate, are of limited use to quantify 

the TK profile of NMs in vivo unless proper in vitro to in vivo extrapolation (IVIVE) 

is performed. The main issue of this challenge is the dosimetry consideration between 

in vitro and in vivo experimental designs. For in vitro systems, the administered dose of 

NMs (i.e., the equivalent nominal media concentration exposure) and the target cell dose 

(i.e., the delivered dose to the cell) are not equal, and they can vary significantly up to as 

high as three to six orders of magnitude depending on the extent of NM agglomeration, 

aggregation, sedimentation, and diffusion (Hinderliter et al., 2010). This challenge is even 

greater when different dose metrics are considered, i.e., for the same mass amount of 

a NM, the particle number and surface area could vary depending on the size of the 

NM. If the measured cellular dose or cellular content of NMs is not available, in silico 

computational models, such as ISDD or ISD3 can be used to predict the delivered dose to 

the cell based on the physicochemical properties of NMs, exposure conditions, and medium 

characteristics (Hinderliter et al., 2010; Thomas et al., 2018). Additionally, the nature of 

the protein corona formed in vitro is different as coronas are made up of cell culture 

protein constituents rather than those found in plasma in vivo. For in vivo testing, many 

physiochemical properties can affect NM biodistribution, such as Zeta potential, surface 

chemistry, agglomeration state, and size, which may subsequently have impacts on the 

delivered dose to the target organ (Teeguarden et al., 2007). Note that agglomeration state of 

NMs is an important factor influence the extent and mechanism of cellular uptake of NMs. 

For instance, caveolae-mediated endocytosis was the major pathway for well dispersed silica 

NPs, but micropinocytosis was the major pathway for agglomerated form of silica NPs 

(Halamoda-Kenzaoui et al., 2017). The exact impact of agglomeration state on the TK 

properties of different types of NMs remain to be investigated. Overall, it is a challenge 

to predict target organ exposure of different types of NMs following different routes of 

exposure and it is also a challenge to use in vitro dosimetry and toxicity data to inform in 
vivo TK profiles and toxicity assessment. The vast number of different types of NMs due to 

different physicochemical properties make these challenges even greater.

2.8. Physiologically Based Pharmacokinetic (PBPK) Models

One approach that may address the above-mentioned challenges in TK of NMs is 

physiologically based pharmacokinetic (PBPK) model. PBPK modeling is a mechanistic 

modeling approach that simulates the absorption, distribution, metabolism, and excretion 

of a chemical or a NM and/or the metabolites in the body based on real anatomical 

characteristics using mathematical algorithms (Fisher et al., 2020; Lin et al., 2017). PBPK 

models can describe TK behaviors of a substance in relation to species-specific and age-

dependent physiological parameters (e.g., individual organs’ blood flows, weights, enzyme 

expression and activity), exposure-specific information (e.g., exposure dose, route, interval 

and duration), and chemical-specific mechanisms, such as metabolic pathways, protein 

binding for small molecules and protein corona formation for NMs. Compared to traditional 

empirical TK models, the advantages of PBPK models are the ability to predict target organ 

dosimetry based on external dose following different routes of exposure and a great ability to 

extrapolate across species, exposure paradigms, and from in vitro to in vivo. Multiple PBPK 

models have been developed for different NMs (Utembe et al., 2020; Yuan et al., 2019), 

and some of existing models have been used to perform risk assessment, including AgNPs 
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(Bachler et al., 2013), TiO2 NPs (Bachler, von Goetz, et al., 2015), and AuNPs (Cheng et 

al., 2018). Some studies have demonstrated that PBPK models can be used to perform NP 

IVIVE for kinetic (Bachler, Losert, et al., 2015) and toxicity data (Lin, Monteiro-Riviere, 

Kannan, et al., 2016). Recent studies have also shown that PBPK models can be used to 

predict delivery efficiency of NPs to tumors in tumor-bearing mice (Cheng et al., 2020; Lin 

et al., 2022). These models serve as a basis for extrapolating to humans to evaluate safety 

and risk of cancer nanomedicines in humans.

While PBPK models have the potential to address the challenges in TK studies of NMs, they 

also have their inherent shortcomings. First, compared to traditional empirical TK models, 

PBPK models are more complex and require more parameter values and thus more data to 

calibrate and evaluate. They require a greater amount of effort, expertise and resources to 

develop a PBPK model than needed for a simple but limited TK model. Second, most of 

existing PBPK models for NPs are built based on data from intravenous injection studies 

(Utembe et al., 2020; Yuan et al., 2019). PBPK models following other routes of exposure 

are needed as humans are often exposed to NMs following extravascular routes, such as 

dermal contact, and oral or inhalational exposure. Third, while many PBPK modeling 

approaches, such as IVIVE, route-to-route extrapolation, and interspecies extrapolation have 

been well established for small molecules, whether these approaches are applicable to NMs 

have not been systemically evaluated. A recent study showed that the traditional route-to-

route extrapolation approach that is typically used for small molecules is not applicable to 

NMs because NMs form different types of protein coronas through contact with different 

biological fluids following different routes of exposure (Chou et al., 2022). Therefore, while 

PBPK modeling is useful for NMs, proper methodologies of PBPK modeling for NMs 

remain to be established.

2.9. Linkage of Toxicokinetics to Risk Assessment

In the field of toxicology, there is a fundamental tenet that it is the internal target organ 

dose, rather than the external exposure dose, that determines the adverse response of a 

xenobiotic. PBPK models are an important tool in chemical risk assessment in part because 

it can be used to predict internal target organ dose, thus linking TK to risk assessment. 

For small molecular chemicals, the external or internal dose metric is typically expressed 

as mass (e.g., mg or mM of a chemical per unit mass of liver). For NMs, the dose metrics 

could include mass, particle number, and surface area. For certain toxicity endpoints, such 

as lung inflammation, some studies have shown that the best dose metric for dose-response 

analysis may be the surface area (Oberdorster et al., 2007; Schmid & Stoeger, 2016) or 

the particle number (Wittmaack, 2007). Whether the surface area or the particle number 

may be the best dose metric for other toxicity endpoints (e.g., cell death) remains to be 

investigated. Currently, almost all PBPK models for NMs are based on the dose metric of 

mass partly because existing NM PBPK models were built based on the PBPK modeling 

approaches that were established for small molecules (Utembe et al., 2020; Yuan et al., 

2019). Existing PBPK-based studies extrapolating dosimetry and toxicity data from in vitro 
to in vivo are also based on the dose metric of mass (Cheng et al., 2018; Dubaj et al., 2022). 

This is appropriate considering that a PBPK model is designed to be able to predict internal 

doses of several target organs and then to assess the dose-response relationships of different 
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toxicity endpoints. In fact, the use of the dose metric of mass in PBPK models is desirable 

because it allows to account for the maximum uptake capacity in a cell or tissue, which is 

important in the TK of NMs. The use of surface area or particle number is less favorable to 

account for the maximum cellular or tissue uptake capacity because these dose metrics are 

highly depending on the particle size. However, since surface area or particle number may 

be a better dose metric to describe lung inflammation, it may be worth to explore PBPK 

modeling approaches based on these dose metrics.

3. RISK ASSESSMENT

Depending on the size, particulate matter (PM) can be classified into coarse particles (PM10, 

particles ≤10 μm in diameter), fine particles (PM2.5, particles ≤2.5 μm in diameter), and 

ultrafine particles (PM0.1, particles ≤0.1 μm in diameter), including engineered NPs. The 

methodology for risk assessment of coarse particles, fine particles, and environmental 

chemicals has been well established, and consists of four steps, including hazard 

identification, dose-response assessment, exposure assessment and risk characterization 

(EPA, 2010, 2014; Kimmel et al., 1999). For risk assessment of NMs, the guidance is 

just beginning to be established (EFSA, 2021), and it is mainly based on the guidance that 

has been established for larger coarse and fine PM (EPA, 2010). Therefore, in general, risk 

assessment of NMs also follow the same steps used for fine particles and environmental 

chemicals. However, compared to coarse and fine particles, it is generally considered that 

NPs have a higher toxicity because they are much smaller and can penetrate deep into 

the lung and be translocated throughout other parts of the body, and also NPs have a 

much larger surface area and number of particles compared to coarse and fine particles for 

the same given mass dose (Kumar et al., 2021; Schraufnagel, 2020). As such, the human 

health guidance values for the same chemical substance but with different sizes could be 

different. For example, the National Institute for Occupational Safety and Health (NIOSH) 

recommends an airborne exposure limit of 2.4 mg/m3 for fine TiO2, but recommend a much 

lower value of 0.3 mg/m3 for ultrafine TiO2, including engineered nanoscale TiO2 (NIOSH, 

2011). Therefore, one needs to pay particular attention to the unique physicochemical 

properties of NMs in the risk assessment process.

3.1. Hazard Identification

Toxicities of various NMs have been evaluated using different approaches under different 

experimental settings. The degree of toxicity of a particular NM depends on the extent of 

exposure and its physicochemical properties, as well as the sensitivity of the test organism. 

To compare the toxicity of different types of NMs, a group of scientists from Netherlands 

evaluated the toxicities of multiple types of NMs and classified the hazard of different NMs 

into four classes based on their respective nano reference values, including class 1 high 

toxicity with a nano reference value of 0.01 fibers cm−3 for rigid carbon nanofibers and 

metal oxide fibers (e.g., SWCNT), class 2 medium or low toxicity with a nano reference 

value of 20,000 particles cm−3 for granular NM (non-fibrous), stable in the environment, 

with a density >6 g cm−3 (e.g., Ag and CeO2 NPs), and class 3 medium or low toxicity with 

a nano reference value of 40,000 particles cm−3 for granular NM and nanofibers, stable in 

the environment with a density <6 g cm−3 (e.g., TiO2 and ZnO NPs), and class 4 low toxicity 
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for granular NMs, unstable or soluble in water (e.g., NaCl and lipid NPs) (Van Broekhuizen 

et al., 2012; Włodarczyk & Kwarciak-Kozłowska, 2021).

Chemical risk assessment starts with a hazard assessment. The hazard of NMs can be 

evaluated in various ways, including in vitro, in vivo animal, and human epidemiological 

approaches. Traditionally, hazard identification is based on high dose exposure in short- 

and long-term animal bioassays, as well as epidemiological studies. However, within the 

framework of the toxicity testing in the 21st century (Tox21) program, non-animal-based 

new approaches methodologies, including in vitro assays, are increasingly used. For the rest 

of this section, we will summarize toxicity assessment of NMs using in vivo animal assays, 

human epidemiological studies, and in vitro assays, respectively.

The animal bioassays on NMs were conducted with different exposure durations. For 

TiO2, the National Toxicology Program conducted a 2-year oral carcinogenicity bioassay 

in which F344 rats and B6C3F1 mice of both sexes were fed with diet containing TiO2 at 0, 

25000, and 50000 ppm for 103 weeks (NTP, 1979). Although the study concluded that no 

carcinogenicity was found, some non-neoplastic effects were reported, such as congestion 

and hemorrhage in lung, fibrosis in the heart, hyperplasia of the bile duct, atrophy of the 

seminal vesicles, and galactocele formation in the mammary gland. For TiO2 or other types 

of NPs, standard 2-year carcinogenicity bioassays have not been reported. To investigate 

the non-neoplastic effects, subchronic studies are more commonly used, which range from 

14 to 90 days. The organ system toxicity of TiO2 NPs were studied following 30-day 

repeated oral exposure in young and adult rats (Wang et al., 2013). Liver edema, including 

hepatic cord disarray, perilobular cell swelling, vacuolization or hydropic degeneration, 

was found in the young rats at 50 and 200 mg/kg dose levels; whereas in adult rats the 

symptom of liver edema did not occur and only inflammatory cell infiltration was observed 

in liver of adults rats in 10 and 50 mg/kg dose groups (Wang et al., 2013). Another study 

investigated possible toxic effects on reproductive and endocrine systems of short-term 

oral exposure to anatase TiO2 NPs (0, 1, 2 mg/kg/day for 5 days) via drinking water in 

Sprague-Dawley rats (Tassinari et al., 2014). The study found histopathological changes 

in thyroid, adrenal and ovary, as well as increased testosterone in serum of male rats, 

but decreased testosterone concentrations in female rats. Similar toxicology studies were 

conducted for AgNPs (Braakhuis et al., 2014; Garcia et al., 2016; Ji et al., 2007; Sung et al., 

2008; Vandebriel et al., 2014), quantum dots (Hauck et al., 2010; G. Lin et al., 2015), and 

other NMs using rodents of different ages as it is important to understand NM hazards on 

different life stages.

Unlike environmental chemicals, the unique effects of agglomeration and aggregation 

of NMs can significantly alter their toxicological responses in vitro and in vivo. The 

term of agglomeration is used to describe the phenomenon that NMs are associated 

into a loose cluster that can be simply broken down by mechanical forces (reversible); 

whereas aggregation refers to NMs forming a strong, dense, and stable particle collective 

(irreversible). Agglomeration and aggregation will markedly influence the toxicological 

effects of NMs both in vitro and in vivo. The impact is particularly prominent at a high dose 

exposure study as the concentrations of NMs are often so high that most particles either 

agglomerate or aggregate, resulting a larger size of NMs that are absorbed to a lesser extent, 
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thereby changing their toxicity. In general, NMs with a smaller agglomerate size of the same 

material are distributed more extensively to more organs, resulting in a higher accumulation 

in some organs with greater toxicity (Balasubramanian et al., 2013). In inhalational studies 

of TiO2 NPs, small agglomerates (<100 nm) caused greater cytotoxicity and oxidative stress 

effects in rats’ bronchoalveolar lavage fluids (BALF) than large agglomerates (>100 nm) 

(Noël et al., 2013; Noël et al., 2012). It was hypothesized that small agglomerates may 

escape the first defense mechanism of pulmonary clearance via macrophage phagocytosis, 

and thus are more likely to interact directly with biological materials, resulting in greater 

toxicity than large agglomerates. During in vitro testing, the agglomerates may impact 

the cell-particle interactions due to the altered size and shape (Kong et al., 2011). In a 

cytotoxicity and genotoxicity in vitro study, TiO2 NPs with less dispersion and larger 

agglomerates were found to cause greater DNA oxidation lesions and DNA damage for 

human and primate cells than those with agglomerates less than 200 nm (Magdolenova et 

al., 2012).

The health hazards of NMs in humans were also investigated in epidemiological studies, 

including cohort studies and clinical trials. For example, a clinical trial investigated the 

relationship between occupational exposure to airborne unintentionally released NPs and the 

lung burden of NPs in patients’ BLAF and lung diseases (Forest et al., 2021). The results 

suggested that the occupational inhalation of airborne NPs potentially contributed to the 

development or exacerbation of lung diseases. In the ceramic industry, a few studies have 

shown that occupational exposure to ceramic dusts and fibres is associated with various lung 

diseases, including chronic bronchitis, chronic obstructive pulmonary disease, reduced lung 

function, wheezing, breathlessness, and dry cough. However, because the ceramic dusts and 

fibres were of different sizes with different raw materials such as carbon-, metal-, and metal 

oxide-based fine particles or NPs, it is unknown whether a specific type of NPs may cause a 

specific type of lung diseases.

There are also studies investigating NM toxicity using in vitro experiments. Common in 
vitro assays include cellular interaction, viability, apoptosis, oxidative stress/inflammation 

and endotoxin assays (Savage et al., 2019). For example, an in vitro study found that 

AuNPs coated with branched polyethylenimine (BPEI) caused time- and concentration-

dependent increase in reactive oxidative stress in human primary hepatocytes, but when 

BPEI-AuNPs were pre-coated with human plasma protein corona, it substantially reduced 

reactive oxidative stress in hepatocytes (Choi et al., 2017). The results of in vitro toxicity 

assays may be differed due to various NM physicochemical properties, such as the size, 

surface coating, biocorona formation, etc. In the study of AgNPs uptake in human epidermal 

keratinocyte, pre-incubation of cells with immunoglobulin G for 2 h remarkably reduced 

cellular uptake of 110 nm citrate AgNP, but resulted in the greatest uptake for 20 nm 

silica-coated AgNPs. In contrast, pre-exposure of transferrin to the cells enhanced the uptake 

of 120 nm silica-coated AgNPs (Monteiro-Riviere et al., 2013).

For NM in vitro cytotoxicity assays, it is important to note that there are a variety of 

cytotoxicity assays, and it has been shown that some classical dye-based assays, such as 

MTT and neutral red may produce invalid results due to NM/dye interactions and/or NM 

adsorption of the dye/dye products (Monteiro-Riviere et al., 2009). In this study, human 
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epidermal keratinocytes (HEK) were exposed to different NMs (carbon black, single-walled 

carbon nanotubes, fullerenes, and quantum dots), and cell viability was evaluated with 

different assays, including calcein AM Live/Dead, neutral red, MTT, Celltiter 96 AQueous 

One, alamar Blue, Celltiter-Blue, CytoTox Onetrade mark, and flow cytometry. Results from 

the assays that depend on direct staining of live and/or dead cells (trypan blue, Live/Dead, 

and calcein AM) were variable and difficult to interpret due to physical interference of NMs 

with cells; and results from the dye-based assays (MTT and neutral red) also varied greatly, 

depending on the interactions of the dye/dye products with NMs). This study suggests that 

some cell viability assays may not be suitable for evaluating NM cytotoxicity, and it is 

recommended that more than one assay is needed when determining NM cytotoxicity for 

risk assessment (Monteiro-Riviere et al., 2009).

Traditionally, animal testing is used as the gold standard for toxicity evaluation and the 

human health risk assessment relies almost exclusively on in vivo results (Blaauboer 

& Andersen, 2007). However, in 2007, the National Academies of Science published a 

landmark report on toxicity testing in the 21st century (NRC, 2007). In this report, the goal 

of future toxicity testing is to transition from the current lengthy and expensive animal 

bioassays to in vitro assays coupled with in silico computational modeling. Since that time, 

multiple federal agencies have been working collaboratively on the Tox21 program that 

results in a large amount of in vitro assay data on hundreds of endpoints for thousands 

of chemicals (Richard et al., 2021). In 2013, European Union banned animal testing for 

cosmetic ingredients (EU, 2013). In 2019, US EPA announced that they plan to substantially 

reduce animal testing on mammals by 30% by 2025 and eliminate it by 2035 (EPA, 

2019). Similarly, in 2021, Mexico announced to ban animal toxicity testing for cosmetics 

(HSI, 2021). Therefore, it is anticipated that in vitro toxicity assays coupled with in silico 
modeling will be increasingly used in future hazard identification and risk assessment 

studies of both environmental chemicals and NMs.

One challenge of the in vitro assays is the validity of the in vitro test system and how to 

extrapolate the results to in vivo. There are several issues that may cause false negative 

and/or false positive effects in the in vitro test system, including high-dose effects, time-

course effects, and cell line effects. Specifically, in vitro studies are usually conducted with 

a high-dose and short-term exposure. However, some effects may only be detected at a 

high dose in vitro that may not be applicable to in vivo scenarios where the exposure dose 

is usually relatively low and thus cannot be directly extrapolated to low-dose effects in 
vivo. Moreover, the design of a high-dose exposure experiment for NMs may encounter 

the problem of solubility and agglomeration/aggregation issues discussed above, which 

subsequently alters the physicochemical properties of the NMs and their toxicological 

effects. As a result, the physicochemical properties of the NMs evaluated in the in vitro test 

system are no longer the same as those evaluated in the in vivo test system. Also, in a short-

term in vitro study, the observed effects may be temporary (e.g., release of inflammatory 

mediates and cell proliferation) and are difficult to predict the toxicological effects observed 

in vivo, which usually after a long-term low-dose exposure. Additionally, toxicological 

effects may differ between different cells (e.g., liver vs kidney cells), different cell types 

(e.g., primary vs immortalized cells), and different stages of cells (e.g., undifferentiated, 

differentiating, and differentiated cells). The use of different types of cells requires different 
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culture mediums and may form different protein coronas, which will also confound the 

hazard identification of NMs in vitro, creating a challenge to extrapolate the results to in 
vivo (Lai, 2012).

Another challenge in the hazard assessment of NMs is insufficient understanding of long-

term toxicity of NMs, along with inadequate data of dose-response relationships between 

NM exposure and the adverse health effects in animals and humans. With the rapid 

advancement of nanotechnology, NMs can be synthesized with different physicochemical 

properties, resulting in different toxicities. The current animal bioassay approach cannot 

keep pace with the rapid increase in the number of different types of NMs. Additionally, 

while many in vitro assays are available, most in vitro assays have been evaluated with 

environmental chemicals only, but not with NMs, and as introduced above, some in 
vitro assays may not be applicable to NMs and the approach to extrapolate in vitro 
toxicity of NMs to in vivo has yet to be established. When being in contact with 

biological matrices, NMs may undergo modifications, such as protein corona formation, 

agglomeration, dissolution, and interaction with other particles. These transformations can 

interfere with the toxicological effects observed with NMs (Ortega et al., 2017). Such 

issues are usually not fully considered during in vitro testing. All of these challenges 

introduce great uncertainties in the risk assessment of NMs and thus slow down the risk 

assessment process. Therefore, toxicity testing of NMs is under increasing pressure to meet 

the competing demand of testing a large number of new NMs introduced into commerce, 

evaluating potential adverse effects with respect to all critical endpoints and life stages, and 

reduce animal use and cost (Krewski et al., 2010).

3.2. Dose-Response Assessment

The dose-response assessment is the second step in the risk assessment of environmental 

chemicals and NMs. Dose-response assessment describes how the likelihood and severity 

of the adverse effects are related to the exposure dose. Originally, the dose-response 

relationship as expressed using the lethal dose for 50% of the animals (i.e., LD50) or the 

half-maximal effective concentration (EC50). This method is very robust for small aquatic 

animal studies, such as daphnia and zebrafish in ecological risk assessment. For example, Li 

et al exposed Portunus trituberculatus to copper oxide (CuO) NPs in seawater for 96 hours 

and determined the LD50 to be 49 mg/L (Li et al., 2021). However, LD50 is not ethical from 

an animal welfare perspective, and is not typically used for human health risk assessment. 

To assess the dose-response relationship for human hazards, the dose-response assessment 

for environmental chemicals or NMs can be performed using two methods: a traditional 

approach to determine the No Observed Adverse Effect Level (NOAEL) and/or the Lowest 

Observed Adverse Effect Level (LOAEL) or a newer approach to calculate the benchmark 

dose (BMD).

NOAEL refers to the highest dose at which no adverse effects have been found, while 

LOAEL is the lowest dose at which significant adverse effects were observed (EPA, 2012). 

NOAEL is usually used as the point of departure (POD) for extrapolation from animal 

toxicity results to humans. NOAEL/LOAEL are commonly evaluated in animal toxicity 

studies of NMs. For example, the NOAEL of TiO2 NPs was derived as 1000 mg/kg/day 
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for systematic toxicity in a subchronic study in Sprague-Dawley rats (Heo et al., 2020). In 

another subchronic study, Wistar rats were fed with yitrium oxide (Y2O3) NPs at 0, 30, 120, 

and 480 mg/kg/day. Based on the significant histopathological changes and biochemical 

alterations at 120 and 480 mg/kg/day, the NOAEL of was identified as 30 mg/kg/day in 

Wistar rats (Panyala et al., 2019).

In 1984, Crump proposed the benchmark dose (BMD) approach as an alternative of the 

NOAEL/LOAEL approach (Crump, 1984). The objective of the BMD analysis is to identify 

the best model for the collected dose-response data, and then to determine the BMD dose 

that results in a predefined response (e.g., 5%, 10% and 20%) compared to the control 

group (EPA, 2012). Briefly, the general procedure in a BMD calculation includes selecting 

appropriate models based on the data type, fitting the dose–response data, evaluating the 

goodness of fit of the models, selecting a benchmark response (BMR), calculating the BMD 

and its lower bound (BMDL), and deciding the final values of the BMD and BMDL from 

the models that are able to fit the data adequately (Chen, 2020). If multiple models are 

acceptable to describe the dose-response data, then the BMD value from the best model can 

be selected or the average BMD based on all BMD values of all acceptable models can also 

be used. Representative dose-response studies of NMs using the BMD approach are listed in 

Table 2.

Multiple software programs are available for BMD calculations to meet various research 

needs, such as PROAST from National Institute for Public Health and the Environment of 

Netherland, BMDS from US EPA, and BMDExpress (Sciome LLC, Research Triangle Park, 

NC). Using the PROAST software, the cytotoxicity of CuO NPs was evaluated in Caco-2 

cells and mouse macrophage cells, and the calculated BMD20 were 4.44 μg/cm2 in Caco-2 

cells (Ude et al., 2017) and ranged from 2.06 to 55.6 μg/mL depending on the surface 

coatings in mouse macrophages (Libalova et al., 2018). The dose-response relationship of 

in vivo toxicity of CuO NPs was also assessed using the PROAST software. The BMD20 

values were calculated for the changes of organ weight and clinical chemistry after 7 days 

of exposure, and the lowest BMD was found to be 26.2 mg/kg for the change of serum 

liver enzyme aspartate aminotransferase (AST, an indication of liver toxicity) (De Jong et 

al., 2019). In an in vitro study using lung cells, the toxicity of multiple NPs, including 

CeO2, CuO, TiO2, ZnO, and ZrO2 (zirconium dioxide), were ranked based on the lowest 

BMD among multiple cellular endpoints, and the study showed that the toxicity decreased in 

the following order: ZnO > CuO > TiO2> ZrO2> CeO2 (Pink et al., 2020). In a secondary 

analysis of quantum dot NM using in vivo and in vitro toxicity data, a linear dose-response 

model was used to compare the adverse effect using cytokine level changes in different 

mouse strains (Weldon et al., 2018). This study showed consistent responses in common 

endpoints (e.g., cytotoxicity, pro-inflammatory responses, and strain sensitivity) between in 
vitro and in vivo studies. This study suggests BMD analysis can be used as an effective tool 

to compare sensitivity of different strains, cell types, and assays.

Compared to the BMD approach, the limitations of the traditional NOAEL/LOAEL 

approach are well known and have been discussed in many studies (Crump, 1984; EPA, 

2012). The most notable one is that the NOAEL/LOAEL approach is highly dependent on 

the study design, such as dose selection and sample size because NOAEL/LOAEL is limited 
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to one of the experimental doses. Inappropriate dose selection or lack of understanding 

of the NM toxicity can lead to the failure to find the threshold for NM’s safe use. For 

example, in a subchronic study using Sprague Dawley rats, the NOAEL for agglomerated/

aggregated TiO2 NPs (~180 nm) was determined as the highest experimental dose of 

1000 mg/kg/day because no systemic toxicological effects were found after all clinical 

pathology, necropsy, and histopathological examinations (Heo et al., 2020). However, such 

results may substantially differ from other studies depending on the dose selection, toxicity 

endpoint, and type of NPs. Another 30-day oral gavage study identified a NOAEL of 62.5 

mg/kg/day for 5 nm anatase TiO2 NPs in female CD-1 mice (Duan et al., 2010). Sufficient 

understanding of the toxicity of a particular NM and well-organized dose spacing are critical 

to derive the NOAEL and LOAEL of NMs. Moreover, the variability and uncertainty of 

the experimental results are not taken into account using the NOAEL/LOAEL approach. 

As only a limited number of animals can be tested in a typical dose-response experiment, 

the uncertainty of the mean responses is obviously great. Therefore, a better way for dose-

response data analysis is to consider the confidence intervals instead of the exact mean 

value (EFSA, 2011). Additionally, the NOAELs derived from different studies are difficult 

to compare due to different dose selections and study designs.

The BMD method is preferable by many regulatory organizations because (1) it takes data 

at all doses into account so that the background response can be considered rather than 

assuming it to be zero, (2) the derived toxicity values are easy to be compared among 

different studies and data types, and (3) it can better account for statistical uncertainty 

and variability (Haber et al., 2018; Shao et al., 2019). In 2012, U.S. EPA published 

technical guidance for BMD analysis (EPA, 2012). In 2017, the European Food Safety 

Authority (EFSA) Scientific Committee reconfirmed that the BMD method is a scientifically 

more advanced approach for chemical dose-response assessment and recommended it for 

chemical risk assessment (EFSA et al., 2017).

Besides the different choices of dose-response analysis method, there are also some 

challenges in the dose-response analysis of NMs. First, the target organ dosimetry is 

difficult to determine or predict. The elemental composition of different NMs and their 

properties, such as surface area, tendency to aggregate, interaction with cells, are completely 

different for different types of NMs (Hegde et al., 2016). For different NMs, the same 

administered dose may result in quite different target organ dosimetry, and thus different 

dose-response relationships. During in vitro testing, some unique in vivo transformations, 

including protein corona formation and spontaneous agglomeration, are rarely considered, 

which may impact the relevance of in vitro NM dose-response profiles to in vivo conditions 

(Teeguarden et al., 2007). Consequently, the use of in vitro data for dose-response modeling 

is limited. As the toxicological effects of NMs are assessed in more in vitro studies than 

the environmental chemicals, this issue becomes more significant for the dose-response 

assessment of NMs. Some previous studies developed in silico models to predict the impact 

of protein corona formation on TK of NMs during interspecies extrapolation. For example, 

a NP biodistribution model was developed to assess the influence of differential biocorona 

formation kinetics on anticipated tissue distribution across rodent-to-human extrapolation 

(Sahneh et al., 2015). This study found that although NMs can successfully reach target 

organs in rodents, the target organ dosimetry may be quite different in humans due to 

Chen et al. Page 18

Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2023 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



different biocorona formation kinetics between species (i.e., the longer circulation time 

allows for further biocorona evolution in humans).

Second, the selections of critical effects in most of current dose-response analyses of NMs 

are ambiguous and lack full justification. For in vivo studies, the dose-response analyses are 

usually conducted for all plausible changes in organ weights, clinical and other effects (De 

Jong et al., 2019; Gosens et al., 2015). However, these studies rarely identify the critical 

effect for a particular NM. One reason for this deficit could be the lack of a robust body of 

scientific evidence defining NM hazards. In BMD analysis, BMR refers to a predetermined 

change from the control value. The selection of BMR involves the judgments about the 

statistical and biological characteristics of the datasets. The U.S. EPA recommended 10% 

extra risk and a change of one control standard deviation as the BMR for standard reporting 

for dichotomous and continuous data, respectively (EPA, 2012). In the in vitro study of CuO 

NPs, the BMR was selected as 20% relative change of cytotoxic endpoints (Libalova et al., 

2018). In another study of AgNPs, the BMR was determined as 5% for immunotoxicity 

(Vandebriel et al., 2014). Consequently, the comparability and significance of such results 

are decreased.

It is also important to note that not all NM toxicity data can be fitted by existing BMD 

or biologically-based models (EPA, 2012). For example, following exposure to a high dose 

of NPs, some NPs may not be soluble due to the large dose and eventually aggregate 

or agglomerate, resulting in reduced bioavailability or leading to local effects that are 

purely due to dose-induced aggregation/agglomeration. These high-dose effects may be 

quite different from low-dose effects, and cannot be described with existing BMD models. 

One of the solutions is to drop the data of the highest dose. Considering the limitations of 

the BMD method, it is still necessary to use the NOAEL/LOAEL approach when the BMD 

method is not applicable.

3.3. Exposure Assessment

Exposure assessment refers to the process of characterizing, estimating, measuring and 

modeling the frequency, duration, and magnitude of contact with a chemical, including 

external exposure or administered dose and internal dose to individual organs (Peters et al., 

2016). For conventional environmental chemicals, many studies have been conducted for 

exposure assessment and some standard methods have been used. Some of these methods 

have been applied in the nanotechnology industry.

For NMs that have been employed in certain industries, regulatory agencies have published 

detailed exposure assessment reports. For example, TiO2 NPs are commonly used in 

cosmetic products, including make-up, sun screens, hair, skin and oral care products as 

it is component of mineral cosmetics (Włodarczyk & Kwarciak-Kozłowska, 2021). To 

evaluate their safety, the Scientific Committee on Consumer Safety (SCCS) in the European 

Commission conducted an inhalation exposure assessment for pressurized cosmetic aerosols, 

pump sprays and cosmetic powders containing TiO2 NPs. In this evaluation, the lung 

exposure was measured from the field inhalation exposure study, including the dosage for 

each application of different types of the products (i.e., spray or loose powder), number of 

applications for each day, and the TiO2 concentration in each formulation. As a result, the 

Chen et al. Page 19

Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2023 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



thoracic fractions of inhaled TiO2 dose were 125 and 10.35 μg/day for hair styling spray 

and loose powder, respectively. Accordingly, the SCCS concluded that the use of pigmentary 

TiO2 NPs in a hair styling spray is safe under a maximum concentration of 1.4% for general 

consumers, and 1.1% for hairdressers (SCCS, 2020).

The exposure of NMs have also been assessed in food products. As TiO2 NPs are also 

widely used in food industry (food-grade TiO2, E171), human exposure through food was 

measured as the product of the concentration of TiO2 NPs in each type of food times the 

intake amount of each food product (Weir et al., 2012). The results suggested 1–2 mg/kg/day 

for US children under 10 years old, and 0.2–0.7 mg/kg/day for the people in other age 

groups.

For occupational exposure, multiple guidelines of NMs have been published. In 2010, the 

British Standard Institution published “Guide to assessing airborne exposure in occupational 

settings relevant to nanomaterials” (BSI, 2010). In 2017, the Organization for Economic 

Co-operation and Development (OECD) published “Strategies, techniques and sampling 

protocol for determining the concentration of manufactured nanomaterials in air at the 

workplace” (OECD, 2017). In the manufacture setting of TiO2 NPs, a study evaluated NM 

exposure among workers by the assessment of the surface area concentration in the trachea 

and bronchi coupled to questionnaire data collection. The results showed a significant higher 

surface area concentration of TiO2 in the NP-exposed workers and associated alteration of 

clinical chemistry compared to the non-exposed control group (Xu et al., 2016). Moreover, 

exposure assessment of NMs can be conducted to measure the surface area concentration, 

particle number and the mass concentration using analytical instruments. For example, a 

generic exposure concentration profile was measured every 15 minutes in the breathing 

zone of workers over a work shift. In 7 hours, a time-concentration exposure curve was 

generated, which can be compared with time-weighted average occupational exposure limits 

and short-term exposure limits (Peters et al., 2016).

To better protect worker safety, several occupational exposure limits have been established 

for some NMs (Table 3). In the case of TiO2 NPs, the International Agency for Research 

on Cancer (IARC) in 2010 reviewed the evidence of TiO2 hazards and concluded it 

as a possible carcinogen to humans. Governments and some organizations subsequently 

established workplace exposure limits (WEL) for TiO2, including 15 mg/m3 averaged 

over an 8-hour work shift by the U.S. Occupational Safety and Health Administration 

(OSHA) (OSHA, 2021), 2.4 mg/m3 for fine size and 0.3 mg/m3 for ultrafine size (including 

engineered nanoscale) averaged over a 10-hour work shift by NIOSH (NIOSH, 2011), and 

10 mg/m3 averaged over an 8-hour work shift by the American Conference of Governmental 

Industrial Hygienists (ACGIH) (ACGIH, 2021). In another instance, the exposure to 

respirable carbon nanotubes was limited to 1.0 μg/m3 as an 8-hour time-weighted average 

based on the NIOSH guidance (NIOSH, 2013).

Unlike conventional chemicals for which multiple standards have been applied to measuring 

and reporting the exposure, a standard method for NMs has not been established. The 

existing methods may or may not be suitable for NMs due to the small particle size and large 

surface area which results in significantly different effects than that seen with individual 
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organic molecules. (Zhao & Zhang, 2019). For engineered NMs, there is no consensus 

on the optimal sampling methods to assess their exposures resulting in data gained of 

low comparability and reproducibility. Another important issue is that NMs in actual use 

and actual exposure may not be the same as the form/degree of agglomeration in the test 

materials in a laboratory study. Moreover, due to the lack of sufficient understanding of the 

hazards of NMs qualitatively and quantitatively, the results of exposure assessment of NMs 

are difficult to be fully used in the risk assessment of NMs.

3.4. Risk Characterization

Risk characterization is a process that synthesizes and summarizes all the information 

from hazard identification, dose-response analysis, and exposure assessment, as well as 

other relevant information. The output of risk characterization is an overall quantitative 

assessment (and if not possible qualitative) on the safety of a substance (either a 

conventional chemical or a NM) in its intended use together with parameters under which 

the assessment is valid and the uncertainties associated with the assessment (EFSA, 2021). 

Specifically, a critical effect is identified at the hazard identification step; a POD is 

determined at the dose-response assessment stage; a human equivalent dose is calculated 

based on the POD from in vitro or in vivo toxicity studies; and then the reference dose on 

the safe use or safe exposure of the substance can be derived by considering necessary 

uncertainty factors (Cheng et al., 2018; Chou & Lin, 2021). The uncertainty factors 

include 10 to account for intraspecies variability, 10 for interspecies uncertainty, ≤10 for 

subchronic-to-chronic extrapolation, ≤10 for LOAEL to NOAEL extrapolation, and ≤10 for 

an incomplete database for U.S. EPA (Dourson et al., 1996). Note that different regulatory 

agencies have slightly different guidelines on uncertainty factors (Dourson et al., 2022; 

Dourson et al., 1996). According to the latest guidance on risk assessment of NMs to be 

applied in food and feed chain (EFSA, 2021), risk characterization of a NM considers the 

same elements as for conventional environmental chemicals, and if the available data have 

been derived from appropriately conducted studies using validated methods and NM-specific 

factors have been considered, then it does not need to use higher uncertainty factors for a 

NM than for a conventional material or a chemical. However, if the data are insufficient 

or the data have been generated from inadequate tests or using invalid methods for NPs, 

then applying additional or higher uncertainty factors may be needed for conservative risk 

characterization.

4. FUTURE PERSPECTIVES and CONCLUSION

In conclusion, ongoing efforts in the risk assessment of NMs are valuable and need to 

be continued as more and varied NMs are developed. Based on our current knowledge, 

risk assessment of NMs is more complicated than environmental chemicals as the toxicity 

of NMs can be impacted by many additional factors (e.g., size, shape, Zeta potential, 

surface coating, extent of agglomeration/aggregation, protein corona formation, etc.) and 

the methodologies for identification of critical effects, extrapolation of TK and toxicity 

data from in vitro to in vivo and across species, have not been well established for 

NMs. Additional studies on TK, toxicity, and PBPK are warranted, especially on how to 

extrapolate TK and toxicity data from in vitro to in vivo and from animals to humans. 
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Considering the above-mentioned challenges, the following considerations should be taken 

into account when designing future TK, toxicity, dose-response, PBPK, and risk assessment 

studies for NMs.

TK studies of NMs can benefit both the understanding of NM toxicity and relevant risk 

assessment by better defining the relationship of external dose and length of exposure with 

subsequent tissue distribution and ultimately toxicological effects. For plasma TK studies, it 

is important to sample enough time points at appropriately distributed intervals to capture 

the entire kinetic profile from the absorption (if extravascular administration) to elimination 

phases, and have enough time points (at an absolute minimum ≥3) at the elimination 

phase to calculate the terminal elimination rate constant, which is needed to calculate the 

elimination half-life. The sampling time points also need to consider the species, study 

objective, sampling strategy, available resources, etc. Readers are referred to a detailed 

guidance by Valic et al. on the TK study design of NMs (Valic et al., 2020).

For biodistribution studies, it is often not practical for the number of sampling time points to 

be as many as plasma TK studies due to limited availability of animals and animal welfare 

considerations. In this case, the sampling plan should consider the study objective. For 

example, if the objective is to evaluate the efficacy of a NM or a NM-carried drug, then the 

sampling time points should focus on the earlier kinetic phase in order to capture Cmax and 

possibly Ka. If the study objective is to collect tissue depletion data in order to build a PBPK 

model for risk assessment, then the sampling time points should focus more on the terminal 

elimination phase, so that the time for NMs to be depleted to be below a safe concentration 

or be excreted out of the body can be estimated.

For toxicity and dose-response studies, it is important to acknowledge the differences 

between in vitro and in vivo test systems and experimental designs (e.g., dose, length, 

media composition). Whenever possible, primary human cells from target tissues, such as 

liver and kidney should be used in the in vitro toxicity studies as these cells are closer to 

human in vivo conditions than are rodent or immortalized cells. For both in vitro and in vivo 
toxicity studies, sufficient number of concentration or dose groups (≥3 treatment groups plus 

a vehicle control group) should be used in order for the data to be suitable for dose-response 

analysis. Unrealistic high dose groups should not be used to avoid irrelevant toxicity results 

resulting from high-dose-induced agglomeration/aggregation. When extrapolating in vitro 
toxicity findings to in vivo, it is important to derive POD based on the target cell dose, 

which can be estimated using the ISDD or ISD3 model based on the administered dose, 

NP’s physicochemical properties, and study design. When possible, human equivalent dose 

should be calculated based on target organ dose that is directly associated with the POD at 

the target cell in vitro.

When performing IVIVE and animal-to-human extrapolation, a PBPK model could be 

quite useful. A major use of PBPK models is their ability to integrate data collected using 

different experimental designs (doses, sample collection times, samples analyzed, etc.) and 

then using such models to predict toxicological effects (Cheng et al., 2020). However, 

PBPK-based route-to-route extrapolation, IVIVE, and animal-to-human extrapolation 

approaches for NMs remain to be systemically evaluated and established. Existing TK 
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studies in animals are mostly based on different types of NMs from different laboratories 

using different measurement methods, and human data are quite limited. Additional studies 

using the same type of NMs (and synthesized using the same techniques) to evaluate TK 

following different routes of exposure in animals and humans, and to determine resulting 

kinetic parameters in vitro such as uptake rates in different types of cells, are needed in order 

to evaluate and establish the proper methodology for NM PBPK analyses. Protein corona 

formation is an important feature in TK, toxicity, and risk assessment of NMs. Methodology 

of incorporating protein corona kinetics into a PBPK model remains to be developed, yet is 

paramount in order to fully leverage the advantages of PBPK modeling in exposure and risk 

assessment.

Finally, while challenges still exist, significant efforts on TK, toxicity, dose-response, 

and risk assessment studies on NMs in the past two decades have greatly improved our 

understanding of the potential risk of NMs. Based on these previous efforts, some regulatory 

agencies have published guidelines on risk assessment of NMs in food and feed (ANSES, 

2021; EFSA, 2021). Additional studies by considering the abovementioned data gaps are 

warranted to fully evaluate the potential risk of NMs across different sectors of applications.
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Figure 1. 
The common study designs of in vivo studies to assess the toxicokinetics of nanoparticles. 

(A) The replicate sampling method in which the animals are split to multiple groups. Each 

group of animals are treated with a nanoparticle for a given duration or dose. At the end of 

the duration, the animals are sacrificed for organ and tissue collection. (B) The staggered 

sampling method collects the samples non-destructively at different time points and uses 

the subgroup data for different time points. (C) The serial sampling method collects the 

samples non-destructively for each individual animal at all scheduled time points. The 

concentration-time curves can be made for each individual animal.
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Figure 2. 
Illustration of the hard and soft protein corona on the surface of a nanoparticle. The main 

differences in the characteristics between hard corona and soft corona are also listed.
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Figure 3. 
The elimination routes of nanoparticles (NPs) according to their physicochemical properties. 

Upon entering the body, the uncoated NPs or large NPs can be cleared by the 

reticuloendothelial system (RES). Small NPs (< 5 nm) are most cleared via the renal system. 

If the NP size ranges from 20 to 100 nm, the NP can be excreted through the liver. Besides, 

some aerosol-based NPs with large size (> 100 nm) can be cleared via phagocytosis by 

alveolar macrophages and subsequent removed through the tracheobronchial tree towards 

the larynx.
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